We have exploited the intramolecular transposition preference of the Tn5 in vitro transposition system to test its effectiveness as a tool for generation of nested families of deletions and inversions. A synthetic transposon was constructed containing an ori, an ampicillin resistance (Amp r ) gene, a multi-cloning site (MCS) and two hyperactive end sequences. The donor DNA that adjoins the transposon contains a kanamycin resistance (Kan r ) gene. Any Amp r replicating plasmid that has undergone a transposition event (Kan s ) will be targeted primarily to any insert in the MCS. Two different size targets were tested in the in vitro system. Synthetic transposon plasmids containing either target were incubated in the presence of purified transposase (Tnp) protein and transformed. Transposition frequencies (Amp r /Kan s ) for both targets were found to be 30-50%, of which >95% occur within the target sequence, in an apparently random manner. By a conservative estimate 10 5 or more deletions/inversions within a given segment of DNA can be expected from a single one-step 20 µl transposition reaction. These nested deletions can be used for structure-function analysis of proteins and for sequence analysis. The inversions provide nested sequencing templates of the opposite strand from the deletions.
INTRODUCTION
A number of methods for the generation of nested families of deletions have been developed for use as a diagnostic tool for protein structure-function analyses and/or as an aid in large scale genomic sequencing. Many nuclease-based in vitro methods for the generation of unidirectional deletions have been reported (1) (2) (3) (4) (5) (6) (7) . All of these methods involve multiple enzymatic steps. In addition, PCR-based deletion studies have recently been reported. These studies involve PCR overlap extension (8) , a 'megaprimer' procedure (9), a 'solid phase' method (10) or inverse PCR (11, 12) . These procedures, like the nuclease-based deletion methods, require a series of DNA manipulations.
A number of in vivo transposon-based methods have also been employed as a tool for functional and DNA sequence analyses. Transposon γδ, a member of the Tn3 family, has been used both as a mobile binding site (intermolecular transposition) for universal primers (13) (14) (15) (16) (17) (18) (19) and as a method for generating intramolecular deletion and inversion events (20) (21) (22) . At least two other transposon-mediated deletion generating systems have been described using Tn9 (23) and Tn5 (24) . While all these transposon-based methods are successful in generating nested deletions, in general the frequency of transposition is low (<10 -4 ) and they require multiple genetic manipulations to find the desired products. Recently an in vitro system using Tn3 transposase has been reported. However, the frequency of deletions in the target of interest is very low (25) . In addition, this procedure requires an additional enzymatic reaction absolutely necessary to eliminate the high background noise of 'pseudo' deletion clones. We describe in this study a remarkably efficient one-step method for the generation of nested families of deletions and inversions using a Tn5 in vitro transposition system.
Tn5 is a composite transposon, composed of two terminal inverted insertion sequences (IS50) which flank three antibiotic resistance genes. Encoded within the IS50 sequence is the 476 amino acid transposase protein (Tnp). Transposition requires both the Tnp protein and two 19 bp Tnp recognition sites at the ends of each IS50 element. Tn5 (24, 26, 27) [as well as Tn7 (28) and Tn10 (29, 30) ] undergoes a simple 'cut and paste' transposition process. After specific binding of Tnp to the two 19 bp inverted sequences a higher ordered protein-DNA complex (synapse) is formed by protein oligomerization. Double-stranded cleavage occurs yielding highly reactive 3′-OH groups at the ends. The excised transposon mediates a double-stranded staggered cleavage at a random target site (Goryshin et al., submitted) and, in a strand exchange reaction, the 3′-OH of the transposon joins the 5′-ends of the target. There is a simple repair of the gap generated by the double-stranded cut, resulting in a short duplication (9 bp) of the target DNA surrounding the transposon (31) (32) (33) .
A highly efficient in vitro transposition system for Tn5 has recently been developed (27) . It is important to note that there are only two macromolecular components needed in this system; a hyperactive version of Tn5 transposase (EK54/MA56/LP372) and a substrate containing two inverted 19 bp end sequences (34) .
* To whom correspondence should be addressed. Tel: +1 608 262 3608; Fax: +1 608 262 3453; Email: reznikoff@biochem.wisc.edu Studies with this system have shown that both 3′ and 5′ cleavages occur precisely at the -1/+1 boundary of the 19 bp recognition site (27) . In addition, target sites for subsequent strand exchange are fairly random (Goryshin et al., submitted) . Both intramolecular and intermolecular transposition can occur, however, at the low DNA concentrations used in the in vitro system, >95% of all transposition products are intramolecular events consisting of both deletions and inversions. Figure 1 shows typical intramolecular transposition events and the two resulting products, inversions and deletions. Transposase binds to the ends and a synaptic complex is formed. Transposase cleaves precisely at the +1/-1 junctions (27) , releasing the donor backbone (DBB). The excised transposon attacks 'itself' in one of two ways, as illustrated by the dotted lines from the left (L) and right (R) ends to the target. In a strand exchange reaction the 3′-OH of each end joins the 5′-end of the target. Resolution of the left intermediate pathway results in an inversion of the ends with respect to each other, shown on the bottom left. The size of this product (inversion) is equivalent to that of the excised transposon. Resolution of the target capture intermediate on the right pathway results in two separate deletion products, only one of which contains the ori and would therefore be viable when transformed.
In this study we have exploited the intramolecular transposition preference of the in vitro system to use as a tool for the generation of a nested family of deletions and inversions. Two different targets, a 1.5 and a 10.8 kb DNA segment, were tested in the in vitro system using a synthetic transposon. In the presence of transposase (2 h incubation) each of the target constructs were metabolized at a rate of 30-50%. For both targets there was a 2-fold higher frequency of deletions versus inversions. Moreover, the distribution of deletion and inversion end points were essentially random.
MATERIAL AND METHODS

Strains and plasmids
Escherichia coli strain DH5α [F -φ80d/lacZ∆M15, endA1, recA1, hsdR17 (r K -, m K -), supE44, thi-1, gyrA96, relA1, ∆(lacZYA-argF), U169, λ -] was used for plasmid isolation. Plasmids pBR322 (35, 36) , pUC19 (37), pRZ7074 (38) and pRZTL4 (34) have been described previously.
PCR amplification
All PCR amplifications were performed in a PTC200 Peltier Thermal Cycler (MJ Research) using Taq DNA polymerase (Pharmacia). The standard PCR reaction (100 µl) contained the following: 10 mM Tris-HCl, 1.5 mM MgCl 2 , 50 mM KCl, 0.5 µM each primer (or 1 0.2 µM single primer) and 1-10 ng template. Each reaction was subjected to a 'hot start' (97_C for 1 min) followed by incubation at 55_C. After a 5 min primer annealing step 40 µM dNTP mix (Pharmacia) and 5 U Taq polymerase were added. Twenty eight cycles were performed (denaturation at 95_C for 1 min, primer annealing at 55_C for 2 min and extension at 72_C for 1 min). After 28 cycles there was a final 5 min extension step at 72_C.
Plasmid pRZTL4, containing the kanamycin resistance gene (Kan r ) flanked by two 19 bp OE/IE mosaic sequences oriented in a head-to-head fashion, was used as a substrate for amplification using a single primer (purchased at Research Genetics Inc.), d(ACATGCATGCTCACTCACTCAAGATGTGTATAAGA- GACAGTCGACCTGCAGGG). The complementary portion of the OE/IE primer to the pRZTL4 substrate, shown above as double underlined, contains a 19 bp mosaic OE/IE sequence (read +19 to +1 in the 5′→3′ direction). Upstream of the complementary portion the primer also includes three nonsense codons (in bold) and an SphI site (single underlined). Amplification of pRZTL4 with the OE/IE mosaic primer was performed as described above. Reactions were phenol extracted, ethanol precipitated and digested overnight with SphI. PCR products (1325 bp) were visualized on a 1% agarose gel and isolated using Qiaex II (Qiagen).
Deletion vector construction
Plasmid pBR322 (35, 36) was digested with AflIII and EcoRV, the sticky ends filled-in with Klenow and religated (pRZ9073). The multi-cloning site (MCS) of pUC19 (37) was isolated as an EcoRI-HindIII fragment (54 bp) and cloned into the EcoRI and HindIII sites of pRZ9073, resulting in pRZ9074. The isolated SphI-digested PCR product containing the Kan r gene flanked by two inverted 19 bp OE/IE mosaic sequences, as described above, was cloned into the SphI site of the MCS of pRZ9074. This plasmid was designated pRZ9075.
Plasmid pRZ7074 (38) , a pET21d derivative containing the entire Tnp gene (with the MA56 mutation that eliminates Inh protein production), was digested with BglII. The 1530 bp fragment containing the Tnp gene under control of the T7 promoter was isolated and cloned into the BamHI site of pRZ9075. This plasmid was designated pRZ9076. Plasmid pRZ9077 was constructed by inserting a 10.8 kb segment of the Escherichia coli chromosome (77.6 min), isolated as an EcoRI fragment, into the EcoRI site of pRZ7074.
Protein purification
EK54/MA56/LP372 Tnp protein was purified as previously described (27) . The homogeneity, as determined by densitometric scan of a Coomassie stained SDS-PAGE gel, was found to be 96%.
Generation of nested deletions and inversions
Plasmid pRZ9075 containing either the Tnp gene under control of the T7 promoter or the 10.8 kb segment of the E.coli chromosome was used in the in vitro transposition reaction (as described in 27). A 20 µl reaction volume containing 0.1 M potassium glutamate, 25 mM Tris-acetate, pH 7.5, 10 mM Mg 2+ acetate, 50 µg/ml BSA, 0.5 mM β-mercaptoethanol, 2 mM spermidine, 100 µg/ml tRNA, 0.037-0.12 pmol plasmid and 5.6 pmol transposase protein was incubated for 2 h at 37_C. Reactions were phenol extracted and ethanol precipitated. Half of each reaction was transformed into electrocompetent DH5α cells. Aliquots of 100 µl of a 1:100 dilution of each transformation were plated onto Amp 100 plates. A number of Amp r colonies were replica-plated onto Amp 100 and Kan 20 plates. Amp r /Kan s colonies were inoculated into LB containing Amp 100 and grown overnight. Isolated plasmids (prepared with the Wizard SV miniprep kit from Promega) from each culture were screened for size by electrophoresis on a 1% agarose gel. The end-target junctions were determined by sequencing using the US Biochemical T7 Sequenase v.2.0 kit according to the protocols provided. A universal primer, complementary to just upstream of the EcoRV site within the pBR322 vector, was used for all sequencing of nested deletions and inversions. The sequence of the primer is d(CGCAAGAGGCCCGGCAGTAC).
RESULTS AND DISCUSSION
The in vitro Tn5 transposition system, as developed by Goryshin and Reznikoff (27) , is a highly efficient one-step reaction. It contains two macromolecular components, a hyperactive form of Tn5 transposase and DNA containing two inverted 19 bp Tnp recognition sites. The hyperactive form of Tn5 Tnp (EK54/MA56/LP372) dramatically increases the transposition frequency (>10 3 fold) in vitro (27) . The hyperactive end sequences used were chosen based on an in vivo mutagenesis study by Zhou et al. (34) and subsequently tested in the in vitro system (Goryshin and Reznikoff, personal communication). Transposition frequencies using these mosaic end sequences increased substantially both in vivo and in vitro. Together with the hyperactive form of Tnp, the efficiency of the in vitro system is maximized. At the low DNA concentration used intramolecular transpositional events comprise >95% of the products (both deletions and inversions) generated. We have exploited the intramolecular preference of the in vitro system to test its effectiveness as a tool to generate nested families of deletions and inversions.
A Tn5 transposition deletion vector, pRZ9075 ( Fig. 2A ), was constructed as described in Materials and Methods. The transposon portion of the vector (2163 bp) consists of an origin of replication, the Amp r gene, an MCS and the two hyperactive inverted 19 bp end sequences. Immediately adjacent to each end, as shown in Figure 2A , are three stop codons in all three reading frames (designated NS). The DBB portion (1255 bp) of the deletion vector (see Fig. 1 ) flanked by the two ends encodes the Kan r gene. The Kan r gene provides a convenient screen for detecting transposition events. The MCS allows for insertion of any DNA sequence for deletion analysis. Construction of the vector is such that any Amp r replicating plasmid that has undergone a transpositional event (Kan s ) will be targeted primarily to any insert in the MCS.
As an initial test to evaluate the efficiency of the system, a 1.5 kb BglII fragment containing the Tnp gene under control of a T7 promoter was cloned into the BamHI site of pRZ9075. The 5′→3′ orientation of the gene (pRZ9076; see Fig. 2B ) allows for C-terminal deletions of the Tnp gene to be generated in the in vitro system. The positioning of stop codons in all three reading frames adjacent to each end in addition to a regulatable promoter provided with the gene of interest in the MCS allows for overexpression of C-terminal deletion proteins. As described above, intramolecular events predominate in the Tn5 in vitro transposition system, resulting in both deletion and inversion products. Figure 2C illustrates the two predicted intramolecular events featuring the Tnp gene as the target (see also Fig. 1 ). The solid lines show a typical end attack that results in deletions. Upon transformation only the deletion product which retains the origin (thick line) will survive, resulting in a C-terminal deletion of the Tnp gene. As shown in Figure 2C , there is a 9 bp duplication of the target DNA after strand exchange and repair of a gap due to staggered cleavage of the target site by the Tnp-DNA complex. The dotted lines show the results of an end attack that results in an inversion. Also indicated is the single primer used to evaluate both deletion and inversion products. Plasmid pRZ9076 (Fig. 2B) was used in the in vitro transposition system. Purified pRZ9076 (0.061 pmol) plasmid (Qiagen Maxi kit) was incubated in the presence of purified hyperactive Tnp protein (5.6 pmol) at 37_C. After 2 h the reaction was phenol extracted and precipitated. Half of the reaction was transformed into electrocompetent DH5α cells. One hundred microliters of a 1/100 dilution of the transformation mix was plated onto Amp 100 plates and incubated overnight, yielding ∼100 colonies per plate. Two hundred Amp r colonies were subsequently replica-plated onto both Amp 100 and Kan 20 plates. Of the 200 Amp r colonies tested 72 were found to be Kan s ; a transposition frequency of 36%. Plasmid analysis was performed on the 72 independent Amp r /Kan s isolates. Size determination of the purified plasmids was performed by electrophoresis on 1% agarose gels to determine the approximate size of the deletions in the 1.5 kb Tnp gene generated in the transposition assay (data not shown). As controls upper and lower size limit plasmids were used in the first and last lanes of each gel. As the upper size control an inversion product of pRZ9076 was used. This plasmid is the same size (3693 bp) as the excised transposon (DBB released) and still contains the entire 1.5 kb Tnp gene insert. The lower size limit is a plasmid that has undergone a transposition event resulting in release of the DBB and deletion of the entire Tnp gene and T7 promoter region (∼2100 bp). As a result of plasmid size determination 41 plasmids were chosen for sequencing. Thirty eight of the plasmids sequenced had deletions within the Tnp gene, one had a deletion at the 3′-end of the Amp r gene in the pBR322 vector and two were the result of inversions within the Tnp gene.
To determine the relative ratio of deletions versus inversions in a random sampling of Amp r /Kan s colonies 24 additional isolates were analyzed. In Figure 3A the 24 purified plasmids were run on a 1% agarose gel using the upper size control (U) and lower size plasmid (L), as described above. Plasmids that migrate at a position similar to that of U would be expected to be the result of an inversion, while those plasmids that migrate between U and L would be expected to be the result of a deletion event. The transposition junction of all 24 samples were sequenced. All plasmids shown in Figure 3A whose mobility fell between the two control plasmids were found to be deletions. The plasmid in lane 4 was the result of an intermolecular event. Of the 24 Amp r /Kan s isolates 58% were the result of deletions, 38% were the result of inversions and 4% represented an intermolecular event. Of the 58% deletions found only one was in the vector region. Most importantly, as diagramed in Figure 3B , both deletions (indicated by vertical lines above the Tnp gene line representing 3′ end points) and inversions (vertical lines below Tnp gene line representing 5′ end points) generated from all the studies with the Tnp gene are randomly distributed within the 1.5 kb sequence.
The positioning of three stop codons in all three reading frames immediately adjacent to the mosaic end sequences (see Fig. 2A ) should terminate Tnp N-terminal peptides expressed by the T7 promoter (provided with the Tnp gene in the MCS). Proteins from various deletions were overexpressed and were found to be of the expected molecular weight, as determined by SDS-PAGE (data not shown). Thus positioning of the stop codons adjacent to the end sequences allows structure-function deletion analysis of any protein.
A number of interesting observations were made as a result of this study with the Tnp gene. We observed a 30-50% transposition frequency (Kan s /Amp r ), of which 95% resulted in randomly distributed deletions and inversions within the Tnp gene. Therefore, from a single one-step in vitro transposition assay 10 5 or more deletions/inversions can be expected within the target. The unequal distribution, 58 versus 38%, of deletions and inversions was an unexpected result. Theoretically both should occur with equal probability. We discuss possible explanations for this outcome later.
Also, from this study we observed an ∼180 bp gap between the closest end sequence and the farthest 3′ deletion end point within the C-terminus of the Tnp gene (Fig. 3B) . This spacer region suggests that the DNA persistence length constraint on transposition is in the same range as that of synapse formation, as described by Goryshin et al. (39) . In their report changing the length of the donor DNA (from 200 to 64 bp) between the end sequences had dramatic effects on the frequency of transposition in vivo. When the end sequences are in proximity transposition is inhibited. Although transposition is restored with longer donor DNA lengths (between 66 and 174 bp), a definite periodic relationship between DNA length and transposition exists. This implies that the overall architecture of the synaptic complex is stringent. In this study the intramolecular nature of the in vitro system likely imposes additional constraints on transposition. Therefore, DNA looping constraints probably affect both synapse formation and subsequent intramolecular target capture (see Fig. 1 ).
To test this system as a tool for sequencing large segments of DNA a 10.8 kb fragment from the E.coli chromosome was cloned into the MCS of the deletion vector. This construct, pRZ9077, was used in the in vitro transposition system as described above. As with pRZ7076, 30-50% of all Amp r colonies had undergone a true transposition event (Kan s ). Electrophoretic mobility of plasmids from 100 Amp r /Kan s isolates was analyzed on a 1% agarose gel. An example of one of the gels is shown in Figure 4A . The upper size limit control plasmid in the first lane represents an inversion product of pRZ9077, while the lower size limit, shown in the last lane, represents a plasmid in which the DBB as well as the entire 10.8 kb segment has been removed. Dideoxy sequencing of the transposition junction of all 100 Amp r /Kan s isolates revealed the following: 68% of the isolates were found to be the result of deletions, 28% were the result of inversions, 3% represented one-sided transposition events (40) and 1% resulted from an intermolecular event. A one-sided transposition event is the result of cleavage and subsequent strand transfer at only one end.
As shown in Figure 4B , the distribution of deletions (3′ end points represented by vertical lines above the DNA bar) and inversions (5′ end points represented by vertical lines below the DNA bar) differs somewhat from that of the Tnp gene (see Fig.  3B ). The clustering of deletions/inversions near the N-and C-termini is probably a reflection of the fact that there is a decrease in the local concentration of synaptic complex relative to the target DNA with increasing DNA length. However, in general, deletions and inversions are found throughout the entire region.
As with the 10.8 kb DNA segment, distribution of end points of larger DNAs would be subject to probability density (referred to as the Jacobson-Stockmayer factor; 41). Jacobson and Stockmayer examined the probability of cyclization of linear random coiled polymers in which the probability density is the effective concentration of one end in the vicinity of the other end. When comparing the cyclization of two DNA molecules the Jacoson-Stockmayer factor predicts that the ratio of the lengths of two molecules raised to the power 3/2 is equal to the ratios of their probability densities. In the current study the probability density is the effective concentration of the synaptic complex to any given target along the DNA length. Based on the results with the 10.8 kb segment in these studies we can approximate the relative frequency of deletions/inversions end points for any size DNAs. For example, the farthest target site relative to an end in the 10.8 kb segment would be in the center, or 5 kb away. The farthest target of a DNA segment 20 kb in length would be 10 kb. Therefore, the probability of a deletion/inversion event near the center of a 20 kb DNA would be 35% of that of the 10.8 kb segment near its center [1/2 (ratio of the two lengths) 3/2 ].
Two additional observations from the in vitro studies with the 10.8 kb segment are consistent with the Tnp construct results. There was a gap (∼150 bp) from the closest mosaic end sequence and the farthest 3′ deletion end point. In addition, there was a 2-to 3-fold higher occurrence of deletions within the 10.8 kb DNA segment than inversions.
Three adjacent deletions (deletion rearrangements apparently resulting from transposase action at only one end) were isolated in the 10.8 kb insert study. Based on in vivo studies by Jilk et al. (40) we believe that these events may also have occurred as a result of a failure to form a synaptic complex. One-ended -1/+1 junction transposition events were found to occur in vivo when the transposable element contained one wild-type end sequence and a deletion (or a binding site mutant). These one-ended transposition products were proposed to be the result of a failure to form a synaptic complex followed by cleavage occurring only at the -1/+1 junction of the wild-type end. In this study we believe that the one-sided transposition events observed in the 10.8 kb segment are the result of binding of Tnp to only one end and subsequent cleavage and strand transfer of that end into the DBB. This results in a viable deletion product in which both ends are present on the same molecule.
In this study we observed an unequal distribution of deletion and inversion products. We believe that a portion of the deletions are the result of non-concerted end usage in our in vitro system despite the formation of synaptic complexes. A typical transposition reaction is thought to occur as follows: Tnp protein binds to the end sequences, a synaptic complex forms through protein oligomerization, cleavage occurs at the -1/+1 junction of both ends simultaneously, the target is captured and strand transfer occurs. The additional deletions that we isolated probably result from a failure to precisely coordinate dual end -1/+1 cleavage following synaptic complex formation. This results in a lag time between cleavages that is sufficient for target capture and strand transfer of the first end cleaved by itself. We believe that synapse formation occurs because of the observed 'spacer' region between an end and the closest deletion end point. The apparent lack of coordination in dual end -1/+1 cleavage may be an artifact of our in vitro conditions.
CONCLUSIONS
The Tn5 in vitro transposition system provides an efficient one step procedure for generating nested families of deletions and inversions. Nested families of deletions can easily be used in protein studies. Positioning of stop codons adjacent to the end sequences leads to formation of truncated proteins for structurefunction analyses. Generation of both deletions and inversions from a single one-step reaction provides the necessary substrates (from both strands) for overlapping sequence determination.
Two new deletion vectors have recently been completed. One construct is identical to pRZ9075, however, the kanamycin gene was replaced with DNA encoding the α subunit of β-galactosidase. This allows for an immediate screen for transposition events (white colonies on Amp 100 /X-Gal/IPTG plates) after transformation. As a test of this new construct the Tnp gene under control of the T7 promoter was cloned in. Transposition frequencies with this construct are comparable with those with pRZ9076 (data not shown).
For generation of N-terminal deletions for protein analysis a second deletion vector was constructed. Immediately adjacent to the mosaic end sequence closest to the origin of replication (in place of the stop codons in the original deletion vector) was placed a T7 promoter region with a His tag and kinase region. However, there is one drawback of this construct. Of all deletions generated in the gene of interest using this construct only one third will be in the correct reading frame. However, the high efficiency of the reaction should guarantee more than enough 'correct' deletions for subsequent study. Tests of this vector with the Tnp gene in the MCS are currently under investigation. Initial results are promising.
